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COMPUTATIONAL FLUID DYNAMICS ANALYSIS OF CdS DEPOSITION IN THE CdTe 
SOLAR CELL MANUFACTURING PROCESS 
 
A thin film CdS/CdTe solar cell manufacturing line has been developed in the 
Photovoltaic Materials Engineering Lab at Colorado State University. This system incorporates 
multiple stations using NiCr embedded heaters in graphite crucibles to successively sublimate 
layers of different photovoltaic materials onto glass substrates. Times, temperatures and 
chemical compositions of these layers can be varied or excluded according to the desired 
characteristics of the 3” x 3” solar cell sample. Though the tool allows for flexibility and 
variability of materials, the uniformity of material deposition remains one of the largest sources 
of performance variability between samples. 
Computational Fluid Dynamics (CFD) programs have been used previously to predict the 
thermal performance of the embedded heaters and to ensure thermal uniformity in each of the 
heated deposition pockets. The thermal modeling used in the designing of these sources has been 
proven to be within 2.5% of the experimentally measured temperatures in laboratory and 
industrial applications. 
Building off of the thermal modeling effort, CFD models were created to model the 
sublimation, vapor transport and film deposition that occurs within the CdS source. Fluid models 
of the CdS source were created to accurately reflect the current deposition technique with the 
intent of predicting future deposition uniformity during the evaluation process for new source 
designs. The developed model was able to accurately predict film growth in an untested source in 
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which the uniformity of the film deposition was increased by over 70%. These models were 
created using ANSYS Fluent, and utilized Arrhenius reaction rate equations to describe the 
sublimation and condensation reactions. Modeling results showed a strong correlation with the 
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CHAPTER 1: INTRODUCTION 
1.1     The Current State of Global Energy Consumption 
On a global scale, annual energy consumption is around 17,000 Terawatt-hours (TWh) per 
year.  The United States alone utilizes 4,000 TWh of energy each year [1].  Around 80% of the 
energy utilized internationally comes from petroleum, natural gas and coal, all traditionally 
considered fossil fuels [2].  Though renewable energy sources have been around for decades, 
they are responsible for producing only 3.4% of the total energy consumed globally [3].  As 
worldwide energy consumption is predicted to increase as much as 50% by 2035 [4], there is 
concern that fossil fuel sources will not be viable due to diminishing supplies and environmental 
impact. 
 
Figure 1.  US 2011 energy flow (Quadrillion Btu) [5] 
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Recently, there has been a global trend of increasing renewable energy sources such as solar, 
wind and hydroelectric.  Solar energy in particular has become attractive due to the amount of 
energy available and the areas in which it can be easily collected.  More solar energy falls on the 
Earth than all other renewable energy sources combined [6].  Because of this, the production of 
photovoltaic modules has increased along with the cumulative installed PV capacity. 
 
Figure 2.  Average daily sunshine (kW/m2) [7] 
 




Figure 4.  US annual installed grid-connected PV capacity by market 2001-2010 [8] 
The future of photovoltaic electricity is bright.  As gains are made in module efficiency and 
manufacturing costs decrease, the overall cost per watt of photovoltaic power has steadily 
decreased.  The US Department of Energy has recently instituted the SunShot initiative, the end 
goal of which is to reduce the installed cost per watt of PV power below $1/Watt.  It is at this 
price, that purchasing PV power is thought to be economically feasible for large scale 
implementation. 
 
Figure 5.  Price of photovoltaic power 1989-2010 ($/W) 
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The photovoltaics industry has traditionally been dominated by crystalline silicon devices 
however; thin film devices, such as CIGS and CdTe, have begun to take significant portions of 
the market share [9].  Of these two thin film technologies, CdTe has proven to be the most 
economically feasible, even beating crystalline silicon in installed cost per watt for large 
installations. 
 




Figure 7.  Manufacturing cost per watt for various PV technologies [10] 
 




1.2     Thin Film CdS/CdTe Solar Cell Design 
The typical CdS/CdTe device is a p-n heterojunction photodiode.  CdS/CdTe solar cells 
employ a superstrate structure on highly transparent glass to achieve high efficiencies.  The glass 
is sequentially coated with a transparent conducting oxide (TCO) layer, CdS as a window layer, 
CdTe as an absorber layer, and is then covered with a back contact [12]. 
 
Figure 9.  Basic CdTe device structure 
There are many compounds available that can be employed as a window layer; however, 
many manufacturers use CdS for a number of reasons [13].  CdS is a widely used II-VI 
compound semiconductor that has been employed in several electrical and even biological 
applications [14–16].  Because of this, the electrical and optical properties of CdS are universally 
understood to be suitable for pairing with CdTe for thin-film photovoltaic applications.  CdS has 
excellent transmission in the visible range [17], [18], low resistivity [19], and a band gap near 
2.42eV [20].  Another large reason why CdS is continually utilized is because it is a 




Figure 10.  Raw material cost per watt of different PV materials [1] 
 
1.3     Project Motivation 
As the solar industry becomes increasingly competitive, cost per watt is a metric that is often 
used by customers to gauge the feasibility of installing solar panels.   CdS/CdTe solar cell 
producers must make high-efficiency cells with low manufacturing costs to remain profitable.  
Several techniques have been utilized to create  thin film CdS/CdTe solar cells, including metal 
organic chemical vapor deposition [21], hot wall epitaxy [22], hot-wall flash evaporation [23], 
screen printing [24], chemical bath deposition [25], physical vapor deposition, sputtering, and 
close-space sublimation [26]. 
Close space sublimation (CSS) has shown promising results as method for the efficient, 
large-scale manufacturing of thin film CdS/CdTe solar cells [27], [28].  In industrial 
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environments, this method has proven to be one of the most rapid ways of depositing high-purity 
thin films [29].  Companies such as Abound Solar have used CSS as a manufacturing technique 
to create 2’x4’ panels from incoming glass to shipping crate in approximately 2.5 hours [30]. 
Despite their success with the rapid production of large photovoltaic devices, many CSS 
CdS/CdTe device manufacturers struggle with uniform film deposition.  Film uniformity is 
paramount to overall module performance, especially the CdS window layer [31].  Areas of thin 
CdS can increase the short-circuit current of the module but can also lead to low voltage and low 
fill factors.  With a uniform window layer, the thickness can be properly varied to achieve the 
desired device parameters.  One such device parameter that varies with the thickness of the CdS 
film is the series resistance [32], [33].  Also, without uniform layers, CdCl2 and heat treatments 
affect areas of the device non-uniformly and cannot be optimized for the entire module. 
At Colorado State University, computational fluid dynamics (CFD) modeling has recently 
been utilized to better understand the deposition process for the CdS window layer.  This type of 
analysis was chosen so that the film deposition of unique, three-dimensional sources could be 
investigated and used to accurately predict film uniformity in future source designs.  By 
evaluating the film uniformity of a source before it is manufactured, companies and researchers 
will be able iteratively optimize designs so that highly uniform films can be manufactured 
without wasting time and money on poor source designs or costly prototypes. 
 
1.4     Future Improvements to CdS/CdTe Device Performance 
The vast majority of research in the field of CdTe solar devices revolves around increasing 
the overall efficiency.  At the Photovoltaic Materials Engineering Laboratory (PVMEL) at 
Colorado State University, there are currently several avenues of research being pursued to 
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increase the efficiency such as incorporating plasma into the manufacturing process, sputtering 
CdS with oxygen to increase transparency, and applying a Cd1-xMgxTe electron reflector on the 
back surface. 
Plasma research at the PVMEL is currently concentrated on substrate cleaning and Plasma 
Enhanced Close-Space Sublimation (PECSS).  In the field of plasma cleaning, recent 
experiments have shown that by exposing the substrate to N2-O2 plasma after cleaning it using 
traditional methods, the amount of “pinholes” is greatly reduced.  Pinholes and other film defects 
can negatively affect overall cell efficiency.  The other area of plasma research at the PVMEL 
has been PECSS, in which plasma is created in the deposition pocket.  The intended benefit that 
this may produce is a more uniform deposited layer and incorporating nitrogen, oxygen or other 
molecules that may be in the plasma.  By doping films with different molecules, specific, desired 
band gaps or transparencies can be achieved.  This process also helps to increase the adhesion 
between layers.  Displayed in Figure 11, A is the plasma power supply and B is the vapor feed. 
 
Figure 11.  A source fitted with PECSS 
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Another large area being explored for efficiency gains is the addition of a Cd1-xMgxTe 
(CMT) electron reflector.  Electron reflectors work by creating a very high band gap material 
that prevents electrons form recombining on the back contact but instead reflects electrons back 
into the absorbing CdTe layer.  By absorbing more electrons, the overall efficiency of the cell 
can theoretically be increased by 3-4%.  CMT is being researched because the grain structure is 
similar to that of the underlying CdTe and it can be added using the same close space 
sublimation method with only a few modifications.  The current methods of depositing such an 
electron reflector are sublimation through stacked sources, and sublimation from two separate 
“point sources”.  When stacked sources are utilized, a more controllable and even deposition is 
made but if conditions are not held precisely, the sublimating Mg can form an oxide on the CdTe 
source and stop it from sublimating.  The side-by-side co-sublimation method can be used to 
prevent this, but a graded, uneven deposition is obtained. 
 









Figure 13.  Side-by-side CMT co-sublimation 
Sputtering CdS with oxygen and multi-junction cells are other fields of investigations for 
increasing solar cell efficiency.  By sputtering CdS in plasma containing small amounts of 
oxygen, the transparency of the window layer is increased which lets more photons through to 
the CdTe layer.  Recent samples have shown that by simply making this layer more transparent, 
the cell may become a full percent more efficient.  Incorporating these improvements into a 
multi-junction cell is also in the future of CdTe.  The theoretical limit of the efficiency that can 
be obtained using a single-junction solar cell is 40.7%, but by adding several junctions with 
different band gaps, the overall efficiency that can be attained is 86.8% [34].  Below is the 
roadmap of the Next Generation Photovoltaics I/UCRC to pursue higher efficiency through 




Figure 14.  Current and future cell design 
The bulk of other research efforts focus on different manufacturing techniques and the 




CHAPTER 2: EXPERIMENTAL METHODS 
2.1     Close-Space Sublimation Method 
For the manufacturing of thin film CdS/CdTe solar cells in the PVMEL, a close space 
sublimation technique is utilized.  The term close space sublimation refers to the evaporation and 
deposition of some material from a heated source to a substrate in a vacuum.  The distance 
between source and substrate can be anywhere from a few millimeters to a few inches.  These 
reactions lead to the relatively rapid deposition of high-purity polycrystalline films.  Compared 
to other deposition techniques, CSS is characterized by high transport efficiency, simple 
deposition, easily achievable vacuum pressures, and moderate temperatures. 
The two factors that most affect deposition rates in CSS manufacturing environments are the 
operating temperatures and pressures.  For a given pressure, the source temperature is the largest 
contributing factor to the rate of film growth [35–37] .  Higher source temperatures correlate 
with higher deposition rates due to more photovoltaic material molecules being heated above the 
sublimation temperature.  Substrate temperature also plays a role in the rate of deposition that 
can be achieved using CSS.  Experiments suggest that for many thin films, such as CdTe, there 
exists a certain substrate temperature, up to which, the growth rate is relatively constant.  
However above this breakpoint temperature, as the evaporation losses on the substrate become 
more dominant, the growth rate is highly temperature dependent due to the surface kinetics of 
adsorption, formation and evaporation. 
Previous work for CdTe had determined that in the pressure regime in which the ARDS 
operates, the growth rate is sublimation limited [36].  The assumption before modeling began 
was that the growth of CdS was also sublimation limited and that small changes in pressure 
14 
 
would not affect the deposition rate.  However, in experiments performed in the ARDS, the 
deposition rate of CdS in CSS showed a strong linear dependence on the pressure (Figure 15). 
These results indicate that the sublimation and deposition processes are diffusion limited 
rather than sublimation limited.  In the sublimation limited case, fluid mechanics are not taken 
into account and the sublimating Cd and S2 molecules are assumed to “beam” directly from the 
source to the substrate without interacting with other molecules in the pocket.  For this condition, 
only the view factor of the sublimating material and the substrate, along with pocket geometry 
dictate fluid motion and film deposition uniformity.  However, in the diffusion-limited case, fluid 
motion is characterized by the Navier-Stokes equation rather than source shape.  Pressure 
differences, species concentrations, and thermal gradients must be taken into account to 
accurately describe the motion and chemical composition of the fluid in the pocket. 
 




2.2     Advanced Research Deposition System 
In the PVMEL, the majority of solar cell samples are created in a tool called the Advanced 
Resource Deposition System (ARDS).  The tool was created to allow researchers the flexibility 
to fabricate CdS/CdTe cells while being able to vary deposition times, temperatures and 
chemistries.  All of these cells are created using the CSS method by moving a small substrate 
over consecutive sublimating sources to deposit successive layers in a completely in-line 
process. 
 
Figure 16.  Overview of the ARDS 
The ARDS consists of two sections separated by a gate valve: the load lock and the main 
chamber.  In the load lock, the solar cells can be manually manipulated.  This section can be 
vented and opened, allowing for the placement of substrates or the removal of substrates after 
manufacturing.  After a substrate is placed in the load lock, a vacuum is created to match the 
pressure of the main chamber, using a Leybold D65 rotary vane pump.  When the pressures are 
equal, the gate valve opens, allowing the substrate to move into the main chamber.  Most 
operation within the main chamber occurs at 40mTorr with an operating gas composed of 98% 
nitrogen and 2% oxygen.  This pressure is reached with a Leybold D65 rotary vane pump in 




Figure 17.  Stations 1-4 in the ARDS 
Substrates are typically Tec-10 glass made by Pilkington, coated in a TCO layer.  The 
substrates are received with the TCO layer already applied because most glass manufacturers 
have optimized this process and are readily able to supply this upon request.  At the start of the 
deposition process, the substrate is placed TCO-side down on the end effector in the load lock.  
The end effector is a machined piece of Inconel that carries the substrate into the chamber and 
between sources.  After entering the main chamber, the first station that the substrates are placed 
in is a heat treatment process.  Top and bottom sources emit radiation, bringing the substrate to 
around 450°C in 110 seconds.  This temperature is checked using an IR laser as the substrate 
moves between the first and second station. 
Each source, with the exception of the two heating stations, has geometry similar to that 
shown in Figure 18 and Figure 20.  Sources are machined from Poco 2020 Graphite, a highly 
thermally conductive material.  A resistive Nickel-Chromium heating element is embedded in 
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the source and potted in the source with a ceramic that has similar properties to the graphite.  As 
electrical current is run through the NiCr wires, the temperature in the source is monitored by a 
thermocouple embedded in the graphite, and controlled using a PID controller.  Deposition 
temperatures vary by the photovoltaic material that is to be deposited.  The same heating 
technique is utilized by the top source to ensure that the substrate maintains the correct 
temperature throughout the deposition process. 
 
Figure 18.  Graphite source geometry 
For every photovoltaic material that is deposited, the CSS technique is utilized.  The 
embedded NiCr heating element is powered until the source reaches the desired temperature for 
each material, causing the material to sublimate at a specific rate.  The substrate is held over each 
source for a precise amount of time, typically on the order of two minutes, until the anticipated 
film thickness is reached.  Researchers are typically able to test fully functional devices within 




Figure 19.  Depsosition station assembly 
 
Figure 20.  Graphite source geometry:  Substrates enter from right side of source 
 
2.3     Sample Preparation and Analysis 
Experimental validation is an integral part of creating accurate computational models as 
every model makes a number of assumptions, some of which can be tested.  Making correct 
suppositions exponentially increases the overall accuracy of the model; therefore testing and 
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reducing the number of unknowns within a model is imperative.  At the PVMEL, much of the 
thermal CFD modeling effort has already been validated.  IR cameras, lasers and thermocouples 
have all been used to extract real-time data from the sources to ensure that the predicted 
temperatures in the source and on the substrate are close to experimental data. 
This same level of validation is needed for the fluid and film deposition modeling; however, 
it is much more difficult.  Many parameters, such as the pressure, species concentrations and 
radiation intensity within the pocket, cannot be accurately measured without damaging the 
functionality of the deposition source itself.  Currently, the PVMEL lacks the capability to 
measure several of these important factors.  Because of this, much of the validation for the 
modeling came from measuring the thickness of the film across the substrate and comparing it to 
the predicted values. 
Experimental CdS film samples were created in the ARDS at process of record (POR) 
conditions.  The substrate was heated to around 450°C in the first station and then moved over 
the CdS source for 110 seconds.  The bottom CdS deposition source was held at 610°C while the 
top source was held at 420°C.  After this step, the substrates were allowed to cool and removed 
from the ARDS. 
It was determined that to get the most complete picture of the thickness profile across the 
substrate, the film would need to be masked and etched across the diagonal to get “step height” 
values in areas of interest.  The region of the substrate where the thickness diminishes was of 
particular interest.  “Step heights” can be evaluated by measuring the height difference between 
areas with film and areas without film.  There must be a distinct, clear difference in thicknesses 
of two regions for an effective measurement to be taken, so the film was masked with 
electroplating tape, and the rest of the film was removed with hydrochloric acid.  This process 
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removes the CdS but leaves the TCO intact, so the measured step heights are of the CdS film 
alone.  Also, by determining the step heights, rather than simply dragging a profilometer across 
the film and looking at the profile, the distortion of the glass is removed from the measurement.  
The glass substrate warps by a few micrometers due to the temperatures encountered in the 
deposition process.  Since the CdS film is on the order of 100 nanometers, less than a tenth of the 
amount that the glass bows, a distortion of even one micrometer would invalidate the 
measurements.  Taking step height values ensures that if the glass bows, the film moves with it 
and the film alone is measured- for this reason steps heights were chosen to experimentally 
represent the thickness values across the substrate. 
 
Figure 21.  An etched CdS film 
There are many methods for evaluating step height values.  In the past, these measurements 
have most commonly been made using a mechanical profilometer.  Mechanical profilometers 
work by dragging a contacting stylus across a surface and analyzing the deflection as the surface 
is moved relative to the measurement device.  High-end profilometers have better than one 
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nanometer resolutions and can measure steps on the order of several millimeters however there 
are drawbacks.  For one, the stylus can easily damage the surface that it is measuring.  Also, 
since the stylus has a very acute point, its measurements are two-dimensional in nature and can 
only determine the surface plot of the exact path across which it was drawn.  Non-representative 
characterizations may be made if the stylus is moved over a portion of the surface which contains 
an anomaly or imperfection. 
Rather than using a traditional mechanical profilometer to obtain the step heights across the 
substrate, scanning white light interferometry (SWLI) was used.  SWLI is a non-contacting, 
optical height measurement made by measuring the interference pattern of coherent beams of 
white light [38–41].  A while light is beamed at a location on a surface and based off of the 
reflected light, algorithms are used to quantify the interference pattern and correlate it with a 
distance measurement.  The beam is swept across the surface and a three-dimensional picture is 
formed of the surface.  SWLI is much faster than mechanical profilometry, yet does not sacrifice 
accuracy.  Less than one nanometer vertical resolution can be achieved while scanning volumes 




Figure 22.  Optical configuration of dispersive white-light interferometry; LP: linear polarizer, 
BS: beam splitter, PBS: polarizing beam splitter, ES: entrance slit, DG: dispersive grating, CCD: 
charge coupled device [41] 
For this project, a Zygo NewView 7300 3D Optical Surface Profiler was utilized.  Fifty, three 
dimensional pictures were taken of the substrate across the etched diagonal.  One such picture, 
taken at the edge of the substrate, is seen in Figure 23.  The software developed by Zygo allows 
users to analyze these images in many ways.  Figure 24 displays how step height data can be 
derived from the data.  A line can be drawn anywhere on the image and displacement 
measurements are presented as if by a traditional mechanical profilometer.  Unlike mechanical 
profilometers however, the stylus width can be varied to give more representative data if there 
are imperfections on the surface.  From these fifty pictures, fifty step heights were obtained at 
discrete points to stitch together a complete picture of the representative CdS film thickness 




Figure 23.  A typical SWLI image 
 




CHAPTER 3: MODELING CONSIDERATIONS 
3.1     Motivation 
Computational Fluid Dynamics is a flow modeling technique that has been used for decades 
[42], [43].  Aircraft, automobile, boating, as well as numerous industries have invested millions 
in developing proprietary codes to optimize performance.  With an advanced understanding of 
how differences in geometry and fluid characteristics affect different metrics (lift, drag, thrust, 
etc.), products and processes can be optimized quickly and easily.  Having an accurate 
knowledge of performance greatly reduces the need for creating and testing prototypes, saving 
both time and money.  Recently, more sophisticated CFD programs have begun to integrate fluid 
dynamics with multiphase physics as well as chemical reactions to form comprehensive methods 
for solving most engineering problems. 
Though these techniques have been widely utilized in other industries, CFD has to this point, 
not been widely incorporated into the manufacturing process for thin film photovoltaic panels.  
Before actual film deposition was modeled, extensive work was performed on modeling the 
thermal uniformity of the sources.  The sources used at the PVMEL were originally designed and 
analyzed using ANSYS Fluent to predict temperature contours and estimate the amount of 
thermal shielding required to maintain specific temperatures.  This technique was then taken to 
Abound Solar where it was applied on 2’ x 4’ deposition sources and shown to be accurate 
within 2.5% using an IR camera [10]. 
With the success of the thermal modeling, the decision was made to model the deposition of 
thin film photovoltaic material using CFD analysis.  Chae et. al. had shown promising results 
with the modeling of thin film deposition for CVD [44], but little to no work to this point has 
been undertaken to comprehensively model the three dimensional deposition of CdS in CSS.  
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One of the main reasons that CFD modeling had not been utilized more fully by manufacturers 
using CSS is that several special considerations need to be taken into account when modeling 
low pressure flow, heat transfer and chemical reactions simultaneously.   
 
3.2     Fluid Mechanics Theory 
Within the source, a combination of pressure and convection-driven flows transport Cd and 
S2 molecules from the graphite heater to the substrate.  In the majority of the flow area, 
continuum conditions can be assumed and computational solving utilizes the Navier-Stokes 





             (3.1)  
where   is the fluid density, u is the fluid velocity, t is time, g is the gravitational vector, and   is 
the dynamic viscosity.  
However, as most CSS techniques incorporate vapor transport in medium to high vacuum, 
the standard Navier-Stokes or Fourier momentum and transport equations may not be accurate in 
all areas [46].  The most accepted way to characterize how strongly these equations will match 
actual fluid movement is with the Knudsen number, which correlates the average mean free path 
(λ) to a characteristic length scale (Lc).  
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To calculate the mean free path at pressure p, the following equations were used: 
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where    is the Boltzmann constant, equal to 1.38x10
-23
J/K, and    is the Lennard-Jones 
characteristic length of species i.  These values were either included in the Fluent material 
database or were taken from empirical observation [47], [48]. 
The four Knudsen number regimes are the hydrodynamic, slip flow, transition, and free 
molecular flow regimes.  Fluid flow at atmospheric pressure typically occurs in the 
hydrodynamic regime where the Knudsen number is less than .01 and particles collide 
frequently.  This flow can be characterized well by normal Navier-Stokes equations.  Between 
Knudsen numbers of .01 and .1, movements are characterized as slip flow and can be described 
closely by standard equations provided accurate boundary conditions, including temperature 
jumps and velocity slips at wall-gas interfaces, are provided.  As a generally accepted rule, most 
flows below .05 can use Navier-Stokes without a large diminishment in accuracy.  However, in 
the transition regime, where Knudsen numbers range from .1 to 10, Navier-Stokes and Fourier 
equations do not define the flow.  Either Boltzmann equations or other microscopic models must 
be used to describe the flow in detail in this regime.  Above a Knudsen number of 10, the free 
molecular flow is governed by particle interactions with the walls much more than with other 
particles which greatly reduces the accuracy of most models or flow equations [46]. 
With a Knudsen number of .34 in many areas at normal operating conditions, some of the 
fluid motion within the source occurs in the transition and slip-flow regimes, in which 
Boltzmann equations describe the fluid motion more accurately than the Navier-Stokes or 
Fourier equations.  In this pressure range, continuum behavior can be observed away from the 
source walls but near the walls, a non-negligible “Knudsen layer” is formed [49].  In this 
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Knudsen layer, molecular collisions with the wall are more dominant that inter-molecular 
collisions and a no slip assumption is no longer valid.  The fluid velocity in the boundary layer at 
the walls of the cylindrical CdS wells becomes: 
 
 ( )  






 ̂  
  (









 ̂  
 (3.5)  
where    is some tangential momentum accommodation coefficient based off of particle 
momentum and surface texture, T is temperature,  ̂ is the radial coordinate,  ̂ is the axial 
coordinate, and Rg is the specific gas constant.  The tangential momentum accommodation factor 
is the ratio of gas molecules that are reflected diffusely to those that are reflected incidentally 
[50].  These values are difficult to measure but are typically near unity, so Fluent default values 
were accepted for all species.  These low-pressure fluid considerations were enabled in Fluent by 
turning “low-pressure boundary slip” on. 
 
3.3     Heat Transfer Theory 
The three basic types of heat transfer are conduction, convection, and radiation.  In the 
deposition process of CdS, all three modes of heat transfer are encountered, however, at the 
operating pressure used in the ARDS; the effects of convection are negligible compared with that 
of conduction and radiation. 
As with most operations that occur in vacuum, heat transfer in this CSS technique is 
dominated by radiation heat transfer.  Before the substrate is brought over the source, it is 
radiatively heated by graphite heaters.  During the deposition process as well, the substrate is 
heated by radiation from the top heater and bottom source.  Though it is a necessary step, 
incorporating radiation in CFD modeling greatly increases the computational time required to 
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solve a given set of equations.  Temperatures as well as incident radiation intensities are 
calculated each iteration for every node on the surface of elements along with each cell within 
the fluid volume.  The basic equation for radiation heat transfer between two black body surfaces 
is given as [51]: 
             (  
    
 ) (3.6)  
where    is the area of surface 1 in m
2
,      is the view factor of surface 1 to 2, and   is the 






.  For this modeling effort, the 
discrete ordinance (DO) radiation model was utilized, which solves the radiation transfer 
equation for a finite number of discrete solid angles rather than calculation the view factor from 
surface to surface.  Also in this model, the surfaces are considered gray and are assigned 
emissivity coefficients according to the material properties.  The basic equation for the net 
radiation flux leaving a surface in a pure vacuum then becomes [52]: 
      (    )     
      
  (3.7)  
where    is the emissivity of the wall and n is the index of refraction of the material between the 




Figure 25.  Radiative heat transfer through a fluid volume [52] 
The gas within the source also plays a role in how one surface radiates thermal energy to 
another.  Each species absorbs, scatters, and reemits radiation within the fluid volume according 
to the equation [52]: 
 
  (  ( ⃗  ⃗) ⃗)  (     )  ( ⃗  ⃗)
    
     
  
  





where   ( ⃗  ⃗) is the wavelength dependent radiation intensity on position  ⃗ in direction  ⃗,    is 
the scattering coefficient,     is the black body intensity given by the Planck function,   is the 
phase function,    is the solid angle and   is the absorption coefficient based off of the 
extinction coefficient  , and the wavelength   [53]: 
 
   
   
 
 (3.9)  
Some of these properties have been empirically evaluated; however, the majority of these 




3.4     Chemical Reaction Theory 
The two dominating chemical reactions that occur in the CSS CdS deposition process are the 
sublimation of CdS from the graphite source and the deposition on the glass substrate.  Both of 
these reactions require different reaction models that take into account the partial pressures of 
cadmium and sulfur gas, temperature, gas kinetics, and impingement rates. 
The sublimation, growth rate reaction, and sublimation reaction for this project were derived 
from several CdS crystal growth experiments [54–57].  In each of these developed models, a 
CdS source was held at a higher temperature than a growth section, some distance away.  
Though these experiments were one-dimensional in nature, many of the assumptions concerning 
the relationships of Cd and S2 vapor species hold true in three-dimensional analysis.  The two 
assumptions that governed the development of a surface-wall reaction in Fluent are that the 
growth and sublimation rates are limited by the transport of species through the vapor phase and 
that equilibrium is always established between the solid phase and the vapor phase immediately 
adjacent to it.   
At both the source surface as well as the substrate surface, condensation and evaporation 
reactions are constantly taking place.  At the vapor’s saturation pressure, the rate of impingement 
of Cd and S2 gas molecules on the surface of CdS balances with the rate of these gases coming 
off the material.  If the partial pressure of either species becomes lower than the vapor pressure 
of that species in the fluid volume directly adjacent to the solid phase, there is a net evaporation.  
Likewise, if the partial pressure of a species becomes higher than the saturated vapor pressure of 
the species, a net condensation reaction takes place.  Because both of these effects are occurring 
at both surfaces, re-sublimation from the substrate and CdS growth on the source surface were 
allowed in the Fluent model.  
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By making the assumption that CdS dissociates into stoichiometric Cd and S2, the 
equilibrium source pressure,   
 , and the reactions constants,   , can be expressed through the 
following associations: 
   
          (3.10)  
          (   )
  ⁄  (3.11)  
       
     (3.12)  
Most of the parameters needed to characterize the growth rate and sublimation reactions were 
initially calculated by using the Antoine equation for CdS, which correlates the temperature with 
the partial pressures of Cd and S2 species in a fluid volume.  Though specific values vary from 
experiment to experiment, this equation can be found by using the empirically derived equation 
for the reaction constant, fitted to the equation [55], [56]: 
                 
             
        ⁄  (3.13)  
with pressure in Torr and temperature in Kelvin.  Thus, the general Antoine equation for CdS 
becomes roughly: 
   
               
      
  (3.14)  
For all surface-wall reactions, Fluent uses Arrhenius rate equations so the Antoine equations 
were modified. Coefficients for four Arrhenius rate equations in total were required to describe 
both processes for both species in the source.  The Arrhenius rate equations used in the Fluent 
code are in the form of: 
               (3.15)  
where A is some pre-exponential factor, β is the temperature exponent, EA is the activation 
energy for the reaction in J/kmol, and R is the universal gas constant in J/kmol-K. 
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Fluent uses three classifications of materials for use in wall-surface reactions: gas, site, and 
bulk.  The gas classification is simply the species in fluid form.  Site refers to the material that is 
defined as surface-absorbed, meaning that the user defines the quantity and concentration of site 
material on a given surface.  Site species interact with the gas molecules in the adjacent fluid 
zone.  Bulk material is deposited on a surface when a gas molecule is condensed at a site location 
according to the Arrhenius rate equation and does not react with gas molecules. 
The four reactions that required Arrhenius rate equations in the source models are: 
1. Cd sublimation:  S(bulk) + Cd(site)  →  S(site) + Cd(gas) 
2. S sublimation:  2 Cd(bulk) + 2 S(site)  →  2 Cd(site) + S2(gas) 
3. Cd deposition: S(site) + Cd(gas)  →  S(bulk) + Cd(site) 
4. S deposition: 2 Cd(site) + S2(gas)  →  2 Cd(bulk) + 2 S(site) 
Since the Antoine equations were obtained from one-dimensional experiments, kinetic theory 
and gas dynamics were incorporated to convert these equations to the correct Arrhenius rate 
equations used by Fluent.  To modify the pre-exponential factor, the molecular impingement rate 
of an ideal gas hitting a surface was incorporated.  The molecular impingement rate,  , is given 
by: 
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   (3.16)  
where n is the molecular density,  ̅ is the average molecular velocity, and   is the mass of each 
species.  Pressure is given as a function of temperature in the Antoine equation and by using this, 
the rate of atoms sublimating from the source surface can be calculated.  Because FLUENT uses 
the specific volume ideal gas constant in their exponential term (8314 J/kgmolK), this needs to 
be accounted for to get the correct units.  With this, equation 3.14 becomes: 
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   (3.17)  
According to the relationship defined in equations 10 and 11, the partial pressure of Cd is 
twice that of S2 because two Cd atoms come off of the surface for every S2 molecule.  Because of 
this, the saturation pressure from equation 17 must be multiplied by 2/3 for Cd and 1/3 for S2.  
Fitted to the Arrhenius rate equation used by Fluent, the sublimation reactions are: 
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To obtain the Arrhenius rate equations for the deposition of Cd and S, the saturation pressure 
was replaced with the partial pressure of each species in the fluid volume adjacent to the 
specified surfaces.  Fluent uses molar concentration in mol/m
3
, so the pressure was modified to 
reflect this.  The equations for Cd and S deposition are: 
 
    
 
√      
  
[  ( )]    
√      
            [  ( )] 
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A “sticking coefficient” was used to modify the pre-exponential factor in the Arrhenius rate 
equation for the deposition reactions.  It is the ratio of impinging molecules that contribute to the 
crystal growth to the number of molecules that are reflected back into the fluid area.  It was 
determined after initial modeling was completed and compared to the experimental results.  For 




Figure 26.  Molecular motion in the fluid volume of the pocket 
 
3.5     Computational Resources 
At the PVMEL, two servers are dedicated to running full time CFD calculations.  Each server 
is capable of utilizing 192 GB of RAM across 24 cores and every processor operates between 
3.46-3.47 GHz.  For larger analysis, such as for the complex 3D thermal and fluid model, both 
servers can be linked together to more quickly run calculations across the 48 cores.  During these 
large calculations, the servers typically exhaust all CPU and between 200-300 GB of RAM.  
Even with all of this computational power, running the largest of these analyses required over a 
week worth of nonstop calculations.  
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CHAPTER 4: CHEMICAL REACTION RATE MODEL 
To make an initial fluid model of the CdS deposition source, the fluid volume within the 
source was discretized into 150,840 hexahedral and wedge-type cells.  The sublimation and 
growth reactions were modeled using the developed Arrhenius rate equations which were applied 
to the source and substrate surfaces.  Also, the discrete ordinates radiation option was enabled 
which included the effects of thermal radiation from surface to surface as well as though the fluid 
volume.  The resulting model contained relatively few cells, all with acceptable quality, to ensure 
that the model was accurate and converged as quickly as possible.  From this iteration of 
modeling, realistic pressure gradients, temperature gradients, species diffusion, fluid velocities, 
and deposition rates could be measured. 
Many assumptions were still made in this model, which could not be corrected until later 
thermal and fluid models were created.  Most notably, the temperature at the walls and the 
substrate were assumed to be constant throughout the entire deposition process.  The source 
walls, including the wells, pocket walls and area of sublimation were held at 883.15K, while the 
substrate and the end effector were held at a constant 693.15K.  This assumption created non-
ideal thermal gradients, but this was assumed to not affect accuracy to a large amount.  Another 
assumption that was made was that the fluid within the pocket is initially all nitrogen.  In reality, 
the operating gas within the ARDS is 98% nitrogen and 2% oxygen.  In reality, there exists a 
reaction between the Cd gas and O2 molecules, but for the scope of this project, it was deemed 
too difficult to experimentally measure and not enough information could be found on the 
subject to effectively include it in the model. 
In Figure 27, the molar fraction of Cd gas in the middle cross section of the source can 
clearly be seen.  Similar to the two-dimensional chemical reaction rate source, both cadmium and 
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sulfur diffuse nearly ideally in the pocket.  The species concentrations are highest near the source 
and lowest near the substrate.  It was observed that the species diffuse largely as a function of 
proximity to the source as well as a function of pocket geometry. 
 
Figure 27.  3D chemical rate model: Cd molar fraction in the source 
Possibly the most desired result that was obtained through this modeling was the theoretical 
CdS deposition rates on the substrate.  Figure 28 depicts the substrate overlaid with the local 
deposition contours of bulk Cd for the given modeling scenario, with each line indicating a 1% 
change in deposition rate.  However, as CdS growth rate is not a recognized metric in Fluent, the 
deposition rate of bulk Cd was used to calculate the simulated deposition rate of CdS according 
to the equation: 
 
     
   
          
 (4.1)  
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where      is the growth rate of CdS in nm/s,     is the deposition rate of solid Cd in kg/m
2
-s 
calculated from the Arrhenius rate equation specified in Fluent,       is the mass fraction of Cd 
in stoichiometric CdS, and      is the density of CdS in kg/m
3
.  Experiments have shown that 
the deposition rate for most thin films is linear over time for a given source and substrate 
temperature [35], [36], [54], [56], [58–61], so the derived deposition rate of CdS was simply 
multiplied by the deposition time to estimate the thickness of the film for a given condition. 
From the species calculations, the deposition rates of CdS on the substrate could be analyzed.  
After applying the sticking coefficient, these results were nearly identical to the CdS thickness 
values observed experimentally (Figure 45).  The sticking coefficient that was calculated in the 
modeling was 0.143.  This means that theoretically, about one in seven molecules that impinges 
upon the substrate contributes to the growth of CdS crystals.  Whether this value is realistic or 
reflects some calculation error within the Arrhenius rate equations has yet to be experimentally 
determined.   
With the accuracy of the model, an experiment was proposed to use this modeling technique 
to predict the deposition of a source that had yet to be evaluated.  This experiment is expounded 




Figure 28.  3D chemical rate model: Deposition rate of Cd on the substrate (kg/m2-s) 
 
Figure 29.  Film thickness across the substrate: Chemical reaction rate source 
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The temperature gradient, displayed in Figure 30, is strongly tied to the temperature of the 
local walls.  The temperature gradients are not fully comprehensive due to the specification of a 
constant temperature of the walls over time.  Including transient thermal analysis of the source as 
well as the radiation shielding in the ARDS is needed to completely and accurately temperature 
profiles. 
 
Figure 30.  3D chemical rate model: Temperature in the pocket (K) 
This model included the effects of thermal radiation in the pocket for the first time.  The 
amounts of incident radiation are highly dependent on both the geometric coordinate 
relationships of each node and the temperature of each surface.  One of the reasons that the 
sources were designed in the manner that they were is so that the sublimating photovoltaic 
material does not have a large view factor of the much colder substrate.  It was thought that if the 
sublimating material had too large of a view factor of the substrate, the material would cool 
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below sublimation temperatures and no deposition would occur.  In Chapter 6, this assumption 
was experimentally proven to be false. 
 
Figure 31.  3D chemical rate model: Incident radiation in the pocket (w/m
2
) 
In the source that is typically used for deposition, heat transfer within the pocket is 
dominated by radiation.  With radiation heat transfer enabled, the CdS source surface was seen to 
lose around 3.69 Watts due to radiation, while the radiative heat flux on the substrate surface was 
116.85 Watts.  With radiation heat transfer disabled in modeling, the surface of the CdS source 
lost less than 0.2W of heat, and the heat flux of the substrate was only 5.2Watts.  From this, it 
can be observed that radiation is the dominant form of heat transfer within the pocket, accounting 




Figure 32.  3D chemical rate model: Incident radiation on the CdS source surface (w/m2) 
 
Figure 33.  3D chemical rate model: Incident radiation on the substrate (w/m2)  
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CHAPTER 5: PREDICTING FILM GROWTH IN AN ALTERNATIVE SOURCE 
5.1     Motivation 
The motivation behind the entire modeling effort at CSU is to model the deposition of thin 
film photovoltaics in the sources used in the ARDS using CFD applications and ensure that the 
models can be used to predict material growth in sources that have not yet been built, with 
increasing film uniformity on an industrial scale in view.  A large transitional step in this process 
is to create a modified new source and validate the accuracy of the model by comparing the 
predicted results with the actual results.  If the calculated results from the altered model closely 
matched the experimental results there would at least be proof of concept for using CFD analysis 
to predict CdS growth before manufacturing a source. 
Further motivation for creating a more uniform source came from the manner in which the 
solar cells from the ARDS are tested.  Researchers use each 3” x 3” solar cell to create nine small 
area devices (SADs) from which, properties such as short circuit voltage, current density, and 
efficiency are calculated.  SADs are created in the PVMEL by taking a completed solar cell from 
the ARDS, masking nine, equally spaced, quarter-inch circles on the film, and removing 
everything except the TCO.  A metallic back contact is added to the nine circles and the entire 
cell is placed on a light box to test the electrical properties.  Ideally, all nine SADs would have 
identical properties, but in reality, properties vary from SAD to SAD.  Much of this variation is 
linked to the non-uniform film deposition, along with non-uniform CdCl2 and heat treatments.   
5.2     Description of the Modified Source 
The previous design of the sources used in the ARDS did not use computer modeling or take 
into account the complex fluid mechanics within the source.  Rather, the assumption was made 
that molecules from the source travel linearly to the substrate and that the most important factor 
43 
 
in the sublimation reaction is the view factor of the colder substrate from the photovoltaic 
material.  Applying computational methods and experimental validation however, has shown that 
many factors affect the deposition and that the fluid moves according to the Navier-Stokes as 
well as Boltzmann equations for low pressure flow.  With enhanced understanding of the 
background physics, researchers could predict which source parameters affect film uniformity.  It 
was decided that in a new deposition source, the pocket dimension should be increased, while the 
well dimension should be decreased to increase uniformity.  As the deposition of CdS had shown 
to be diffusion limited in the 40mTorr range (Figure 15), increasing the volume that the vapor 
has to diffuse was thought to lead to a more uniform film deposition. 
Instead of designing, manufacturing, and testing a completely new source, the decision was 
made to utilize a previously created PECSS source.  The PECSS source uses the same method of 
embedded heaters to increase the temperature in a graphite source until a photovoltaic material 
sublimates as the normal source.  However, as this source is typically used to create a plasma 
within the pocket, the pocket depth is much greater than the normal source.  The pocket of the 
PECSS source is 1.5” deep, 1” deeper than the normal source, and the wells are .375” deep, 7/8” 
shallower than the normal source.  For this experiment, the anode wire and gas injection ports 




Figure 34.  Normal graphite source geometry: With end effector 
 
Figure 35.  Modified source geometry 
The model for this source was developed much in the same way that the model for the three-
dimensional chemical reaction rate source was developed.  A mesh was created to ensure 
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enhanced accuracy in the volume near the substrate.  The mesh consisted of 175,428 hexahedral 
and wedge-type cells with a maximum skewness value of 0.861.  Similar to the three-
dimensional chemical reaction rate source model, the modified source model used only 
Arrhenius rate equations specified at the sublimation and substrate surfaces to govern both 
reactions.  The source walls were kept at a constant 883.15K, while the substrate surface was 
held at 693.15K 
 
Figure 36.  Modified source mesh 
 
5.3     Results 
From the modeling, it was immediately apparent that the modified source would theoretically 
lead to more uniform film deposition.  In Figure 37, the calculated contours of Cd deposition are 
displayed, where each line corresponds to a 1% change in film thickness.  From the figure, it can 
be observed that the change in thickness should be slightly less than 1% from corner SAD to 
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corner SAD.  This would be a large improvement from the current method of deposition in 
which the variation from these locations is around 3% (Figure 38). 
 
Figure 37.  Modified source model: Local CdS deposition rates overlaid with approximate SAD 





Figure 38.  3D chemical reaction rate model: Local CdS deposition rates overlaid with 
approximate SAD locations on the substrate 
To understand why the modified source led to more uniform deposition, the pathlines for 
each source were plotted and evaluated.  From the normal source, it can be observed that the 
fluid moves through the wells smoothly then diffuses somewhat before hitting the substrate.  By 
comparison, the modified source allows for much more diffusion by having a much deeper 
pocket.  This result makes sense intuitively, and contradicts the initial presuppositions that were 
made when the source was first designed, that having a longer well with a small substrate view 




Figure 39.  Normal source: Pathlines colored by velocity magnitude (m/s) 
 
Figure 40.  Modified source: Pathlines colored by velocity magnitude (m/s) 
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The contour plots of species diffusion within the pocket were used to understand why the 
modified source led to more uniform film growth.  By comparing Figure 41 and Figure 42, it can 
clearly be seen that the molar fraction of Cd gas is more uniform as it reaches the substrate 
surface compared to the source typically used for deposition.  This makes sense intuitively as the 
pocket of the modified source is much larger and allows for the gas to diffuse more evenly 
before it reaches the substrate.  As noted in section 2.1, the rate of CdS deposition is diffusion-
limited, so it assumed that the gas follow’s Fick’s law for diffusion[62]: 
        (5.1)  
where J is the diffusion flux rate, D is the diffusion coefficient, and   is the species 
concentration.  The larger the volume that the gas is allowed to diffuse through, the smaller the 
species concentration gradient will be. 
 




Figure 42.  Normal source: Cd molar fraction in the source 
The view factor for each well in the modified source is 0.480.  This much larger than the 
view factor of the wells in the normal source, which is 0.123.  After calculating the heat fluxes, it 
was again observed that radiation is the dominant method of heat transfer within the pocket 
however, when experimentally creating these sample cells, the larger view factor did not result in 
the rapid cooling of the sublimation surface, stopping the reaction, but rather led to more uniform 
film deposition.  In the modified source, the calculated radiation heat flux on the CdS source was 
6.63Watts and accounted for 96% of the total heat transfer on the surface.  Likewise, the 
radiation heat transfer rate on the substrate was 114.95Watts, responsible for 96% of the total 
heat flux.  Though the radiation heat transfer rate is higher in the modified source, experimental 




Figure 43.  Modified source: Incident radiation on the CdS source surface (w/m2) 
 
Figure 44.  Modified source: Incident radiation on the CdS source surface (w/m2) 
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To experimentally validate these results, three CdS films were created using the normal 
deposition source, and three CdS films were created using the modified PECSS source.  All 
substrates were created in a single run, one after the other.  This was done to ensure that there 
were no outside factors affecting the deposition and so that the results could be compared with 
the previously validated findings from the normal source model and experimental data (Figure 
29).  The same experimental technique was followed for all six films of masking and etching the 
films, then using SWLI to measure the step heights at 50 discrete locations. 
After creating the CdS films and evaluating the step heights using SWLI, the data was plotted 
next to the calculated results from Fluent.  Figure 45 shows that the model nearly perfectly 
described the actual film thickness contours across the substrate diagonal with the same sticking 
coefficient applied.  With enhanced resolution in the modeling and in the data collection, it may 
be possible to further evaluate the accuracy of the model.  However, the accuracy of this 
preliminary model demonstrates at least proof of concept that CFD modeling can successfully be 




Figure 45.  Film thickness across the substrate: Modified source 
Also of great importance, the enhanced understanding gained from modeling allowed for the 
formulation and testing of a source that improved the uniformity of the deposited CdS film layer.  
The experimental data gathered from the two sources was used to quantify the improvement in 
film uniformity.  The film thickness values between the areas where the corner SADs are made 
were taken, and the normalized standard deviation between these two locations on the substrate 
was calculated and averaged for each source.  For the normal source, the normalized standard 
deviation in this region was 2.89%, which means that the thickness varied on average nearly 3% 
between SADs.  The films created by the modified PECSS source varied only 0.83% in this same 
region.  By making a simple source geometry change, and utilizing knowledge of fluid 
mechanics, the uniformity in the most important area of the substrate was increased by 71.16%.  
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These results were groundbreaking and have since led to substantial reductions in the variation of 
electrical properties from SAD to SAD. 
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CHAPTER 6:  DISCUSSION AND FUTURE WORK  
6.1     Discussion of Results 
 An accurate CdS growth rate model was created by incorporating fluid mechanics, heat 
transfer, and chemical theory into a comprehensive CFD model.  The model closely predicted the 
actual deposition values both quantitatively and qualitatively.  In combination with the validated 
source thermal modeling that has been used to optimize source geometry and operating 
processes, it may be surmised that CFD analysis is useful and prudent for the design and 
optimization of CSS sources for thin film applications. 
 
6.2     Combined Thermal and Fluid Modeling 
The next step in enhancing the accuracy of the model is to combine the experimentally 
validated fluid model with a transient thermal model.  This will ensure that the sublimation 
reaction is correctly depicting a sublimation event and not simply specifying a flux rate for a 
given model.  Linking the fluid and thermal models together also guarantees that more realistic 
thermal gradients and transient thermal effects would be taken into account.  The temperature 
along the source wall is not constant in reality, but rather varies with proximity to the embedded 
NiCr heating elements, the amount of local thermal radiation, and time. 
An initial two dimensional and simple three-dimensional thermal and fluid models have been 
created to provide proof of concept for the sublimation reaction and incorporation of transient 
thermal effects.  Basic assumptions were made that decreased computational time but also 





Figure 46.  2D thermal and fluid model: Geometry 
 




Figure 48.  Simple 3D thermal and fluid model: Geometry 
 
Figure 49.  Simple 3D thermal and fluid model: Temperature in the source (K) 
The final step in modeling the sublimation and deposition of CdS in CSS is to create a fully 
comprehensive source model.  With a comprehensive model, researchers will be able to evaluate 
the effects of hundreds of factors on the uniformity of CdS film deposition.  Variables such as 
the temperature, geometry changes, and operating pressures may be altered to discover which 




Figure 50.  Comprehensive 3D thermal and fluid model: Geometry 
 
6.3     Future Work 
One of the primary goals for this project was to prove that CFD modeling is possible for 
CSS.  As this has been accomplished for the limited experimental cases in which it was 
attempted, an obvious next step is to validate the model in other experimental conditions before 
scaling up the developed model for industrial purposes.  Experimental validation is needed for 
several physical phenomena that have been numerically solved for thus far.  
The effect of substrate temperature gradients on the film growth has not been adequately 
observed.  A proposed experiment to study this effect is to intentionally create a thermal 
discrepancy across the substrate.  One practical method of doing this would be by heating half of 
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the substrate before entering the CdS deposition source by placing half of the substrate into the 
heating station one while keeping the other half in the open chamber.  This would ensure that 
there would be a large thermal gradient between the two halves of the substrate.  The film would 
predictably be thinner on the heated side compared to the cool side, but experimental validation 
is needed to ensure that the model can accurately handle such a scenario.  From these 
experiments, a design to improve the thermal uniformity of the substrates can be proposed and 
manufactured.   
Further experimental support is also required to validate the precision of the sticking 
coefficient and the interaction of the fluid with the walls.  Though the sticking coefficient 
remained constant between the normal CdS deposition source and the modified source, it is 
uncertain whether or not this value is constant with pressure and temperature or if it varies 
according to some unknown relationship.  Many CdS substrates will need to be deposited while 
sweeping the range of operating pressures and temperatures to observe this relationship. 
The same type of verification is needed for the fluid-wall interaction.  Though the model fit 
well with the experimental data, there is a need to somehow isolate and accurately quantify the 
accuracy of the limited slip assumptions made along the source walls.  This type of measurement 
and analysis would be difficult to accomplish due to the low velocity of flow in the pocket and 
the intrusiveness of measurement tools in the ARDS. 
After validating that the CdS source model is valid for the majority of pressure and 
temperature operating conditions, this CFD technique may be applied for the other deposition 
sources.  None of the CdTe, CdCl2, or CuCl sources have yet been analyzed or optimized in any 
fashion.  As each photovoltaic material has a unique mass, molecular size and flow 
characteristic, the optimized sources may have completely different geometries.  However, much 
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of the groundwork has been accomplished for the future modeling of other materials with the 
completed work presented in this thesis.  Users need only modify a few coefficients to analyze 
the other sources.  Parameters such as molecular weight, heat transfer coefficients, L-J 
characteristic lengths, and the Arrhenius rate coefficients must be adjusted for each new element.  
After these changes are made, it would be possible to simply use the same meshes as developed 
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